Two important topics in the tokamak ELM control, using the non-axisymmetric (3D) magnetic perturbations, are studied in NSTX and combined envisioning ELM control in the future NSTX-U operation: Experimental observations of the edge harmonic oscillation in NSTX (not necessarily the same as EHOs in DIII-D), and theoretical study of its external drive using the high harmonic fast wave (HHFW) antenna as a 3D field coil. Edge harmonic oscillations were observed particularly well in NSTX ELM-free operation with low n core modes, with various diagnostics confirming n = 4 ∼ 6 edge-localized and coherent oscillations in 2 ∼ 8kHz frequency range. These oscillations seem to have a favored operational window in rotational shear, similarly to EHOs in DIII-D QH modes . However, in NSTX, they are not observed to provide particle or impurity control, possibly due to their weak amplitudes, of a few mm displacements, as measured by reflectometry. The external drive of these modes has been proposed in NSTX, by utilizing audio-frequency currents in the HHFW antenna straps. Analysis shows that the HHFW straps can be optimized to maximize n = 4 ∼ 6 while minimizing n = 1 ∼ 3. Also, IPEC calculations show that the optimized configuration with only 1kAt current can produce comparable or larger displacements than the observed internal modes. If this optimized external drive can be constructively combined, or further resonated with the internal modes, the edge harmonic oscillations in NSTX may be able to produce sufficient particle control to modify ELMs.
I. INTRODUCTION
Edge localized modes (ELMs) can generate unacceptable heat loads to plasma facing components in a reactor scale tokamak or spherical torus, and therefore ELM control is a critical issue in ITER [1, 2] . One of promising and popular concepts is the application of steady non-axisymmetric (3D) fields, which are often called resonant magnetic perturbations (RMPs) since the best ELM control has been achieved especially when the applied 3D field patterns are aligned with the equilibrium magnetic field pitches. The successful RMPs can maintain the pedestal pressure below the edge stability boundary [3] [4] [5] , as well as to provide sufficient particle transport without ELMs. However, RMP coil requirements for installation are often demanding in cost and engineering, and thus it is also valuable to minimize the coil requirements and/or to find an alternative means of ELM control, such as the operation in the quiescent H (QH) mode [6] .
The QH mode utilizes naturally arising 3D fields in the edge, called edge harmonic oscillations (EHOs), instead of externally driven 3D fields in RMP applications. The operational conditions and characteristics have been largely studied recently and reported from DIII-D tokamak. Not many tokamaks however have been successful in the demonstration of the QH mode, and thus it is also critical to produce and test the QH mode in other tokamaks to ensure its scientific feasibility and practicality for ITER. One of important operational aspects is the strong rotational shear, in order to destabilize the peeling-ballooning mode, activate EHOs, and maintain the saturated EHOs to self-regulate the rotational shear [7] .
The operational window is correspondingly limited, and unfortunately external 3D field coils are preferred again to control the rotational shear [7, 8] . Nonetheless it should be noted that the 3D coil requirements for the rotation control are less severe than that for RMPs in general, since the toroidal momentum transport is easier to modify than the particle transport.
For instance, the pitch-alignment condition for RMPs, which is often claimed necessary to modify the particle transport, requires a narrow spectral peak, and this requirement limits the design choice to an internal coil to be as close as possible to the plasma boundary.
The QH mode operation in DIII-D with I-coil and C-coil shows an example of an indirect but a synergetic combination between internal and external 3D fields. That is, the external I-coil and C-coil fields provide the rotation control to modify the edge stability condition for activating the EHOs, and the internal EHOs provide the particle transport and edge stability control. The study in this paper proposes another way of a synergetic combination;
A direct coupling between the internal and external drive of 3D fields. The externally driven 3D fields should be similar to the internally arising 3D fields in terms of the mode spectrum and frequency to create the resonance and amplification. This direct combination will trade off the operational conditions with the coil requirements, compared with the indirect combination in the DIII-D QH mode or with the RMPs.
Recent NSTX [9] operations provided a very good environment to test and study the possibility of the direct combination, with a number of edge harmonic oscillations observed (not necessarily the same as those observed in the DIII-D QH mode) and with the capability of the high-harmonic fast wave (HHFW) antenna [10] for producing the observed edge harmonic oscillations. This paper will describe first the experimental observations, in Section II, and then the theoretical study of its audio-frequency active control using the NSTX high harmonic fast wave (HHFW) antenna, in Section III. It will also be discussed in Section III if the proposed method can amplify the internally arising harmonic oscillations and possibly provide externally adjustable particle transport and ELM control, with concluding remarks followed in Section IV.
II. OBSERVATION OF EDGE HARMONIC OSCILLATION IN NSTX
Plasma confinement in NSTX has been largely improved with lithium wall coatings with the stabilization of various ELMs. It has been shown that energy confinement time increases and the edge electron thermal diffusivity decreases almost linearly with pre-discharge lithium evaporation rate [11] , and that the type-I ELMs can be almost eliminated when the lithium deposition becomes sufficiently strong [12] . If the operational conditions are further adjusted to suppress other small ELMs, such as the type-II or even the type-V, a long ELM-free operation can be achieved in NSTX [13] . Clear edge harmonic oscillations were observed in such an ELM-free condition, reproducibly through a number of discharges. in order to capture the relatively weak amplitudes of the intermediate n modes compared to typical low n mode activities. This long-lived oscillations in fact can be observed in other conditions coincidentally, as reported first from the type-V ELM operating regime [14] with partially similar characteristics, but can be found clearest and strongest in a particular operating condition as described.
The oscillations were also found in other diagnostics, which all suggest the edge-localized and coherent nature of the oscillations. The ultrasoft x-ray (USXR) [15] in Figure 2 (a) used 5µm of Be foil for the filtering diode array channels, which is the thinner than the conventional 10µm or 100µm filters to detect low energy at the end of the pedestal region.
One can see that this edge USXR also shows the oscillations in the similar frequency range 2 ∼ 8kHz. Although the oscillations appeared a bit later than the Mirnov due to the difficulty in resolving the weak amplitudes of the intermediate n when the low n modes are active, the three frequency bands are well corresponding to the n = 4 ∼ 6 modes in the Mirnov after t = 0.6s. The oscillations are even stretched out to the far scrape-off layer (SOL) region, as shown by the far SOL Langmuir probes [16] in Figure 2 (b).
The edge-localized nature of the oscillations becomes more evident by reflectometer [17] , which can resolve the plasma displacement profile by measuring density fluctuations, as shown in Figure 3 . One can clearly see the oscillations are localized at R > 1.35m, which corresponds to the NSTX pedestal, with the mode amplitudes up to 3 ∼ 4mm. Another observable feature is the coherent nature of the modes. As can be seen from their relative toroidal phases to a toroidal angle reference, Figure 3 (b), the n > 3 modes are highly coherent in entire spatial region within only a few %. Note that it is also interesting to see the n > 6 mode from the reflectometry, while the n > 6 is beyond the covering range of the Mirnov. The n = 6 mode amplitude is still the largest in the reflectometry, but this n > 6 observation indicates that the NSTX edge harmonic oscillations may be the collection of the coherent toroidal harmonic modes covering the wider n than n = 4 ∼ 6.
Note that these edge coherent, or in other words, edge harmonic oscillations found in oscillations in NSTX are also mostly the intermediate n's, indicating that they may also be associated with peeling modes. Moreover, the stability analysis using the DCON code [18] indicates that the studied discharges are close to the marginal stability for n > 3 and thus would be easily destabilized if any non-ideal MHD mechanism is involved. In NSTX, the edge harmonic oscillations become apparent in particular operating conditions, such as the beam power ∼ 4M W as mentioned earlier in the paper, but those conditions could be favorable to particular kinetic parameters such as the rotational shear. Indeed, although the correlation is not so strong, the statistical analysis for ∼ 30 discharges on the Mirnov shows that the n = 6 mode amplitudes, for instance, have a favorable range of the rotational shear, as can be seen in Figure 4 .
The stability and statistical analysis suggest that the edge harmonic oscillations in NSTX may have similar characteristics to the EHOs in DIII-D. However, these oscillations did not provide any utility on performance in NSTX. For instance, the particle density still kept rising as already shown in Figure 1 (c) . That is, the oscillations are coherent and localized in the edge, but the amplitudes are not strong enough to modify the particle or impurity transport. It will be interesting to see if 3D field perturbations can be used to adjust the rotational shear to a favorable level and if the edge harmonic oscillations can be strengthened enough for the particle control, similarly to the non-resonant magnetic field (NRMF) application for the EHOs in the DIII-D QH mode. This can be a good topic to study in the future NSTX-U operation, but here a different utilization of 3D fields will be proposed and discussed. As introduced already, it is a more direct coupling of the external 3D field drive to these naturally arising internal modes, as will be described in the next section.
III. STUDY OF EDGE-HARMONIC MODE CONTROL USING HHFW AN-

TENNA
The edge harmonic oscillations in NSTX could potentially be used for particle and ELM control if the modes could be amplified by external means such as 3D field coils, directly rather than indirectly, unlike the NRMF control of the rotational shear. It has been proposed that the HHFW antenna can be utilized to couple external 3D fields to the internal modes using audio-frequency currents in the antenna straps. The HHFW antenna locations are localized within a 90 degree toroidal section and so they can effectively drive intermediate n modes in the edge. higher n 3D magnetic perturbations. The straps will be supplied by limited number of power system, and thus the connection and configuration should be optimized.
The optimization should be assessed based on its effectiveness in driving higher n > 3 modes while minimizing the low n = 1 ∼ 3 modes. Our quantification for the optimization is based on the coupling between the dominant mode and the applied field by HHFW straps, for each n. The dominant external field is defined as the field maximizing the resonant responses and can be identified using the Ideal Perturbed Equilibrium Code (IPEC) [19, 20] .
Then the coupling with the applied field can be calculated by the overlap integral between the two different field distributions on the plasma boundary. One can define the overlap ratio by C = 0 ∼ 1 [21] and also the overlap field by eliminating the normalization. Each configuration gives the overlap field for each n and the effectiveness of the configuration can be assessed by the overlap fields for n = 4 ∼ 6 while minimizing the overlap fields for
Figure 6 (a) shows the structure of the dominant external field for each n for the cosine part C(θ) and the sine part S(θ) which can be combined to represent the 3D field as δB n =
C(θ)cos(nϕ) + S(θ)sin(nϕ).
One can see that the wavelength, especially of the sine part, becomes comparable to the vertical length of a single strap for higher n, indicating the capability of HHFW straps driving the higher n modes. The current amplitude will be limited in the high-frequency applications, so it is important to know how much current is actually required to drive the similar amplitude range to the observed mode in the optimized configuration. As the reflectometry provided the information of actual plasma displacements throughout the edge region, IPEC code is used to predict possible range of displacements to be compared with. Figure 7 shows the comparisons for n = 5, 6 at the midplane, with 1kAt amplitudes for each strap.
Note that the n = 5 shows the much stronger plasma amplification than the n = 6 in this particular example, but should not be generalized as the high n responses can be sensitive to the profile reconstruction in the edge. One may also be curious about the sharp peaks in the IPEC results. The peaks represent the discontinuity across the rational surfaces due to the ideal constraints. Each rational surface requires the very high and adaptive spatial grid. The total radial grid number is almost up to 10 4 with the poloidal grid up to 10 arising modes more than the linear addition via resonance, possibly up to the level that can induce the particle transport and change the edge instability, similarly to the DIII-D EHOs.
It is then also important to ask how much amplification is necessary to cause the particle drive can possibly amplify the mode up to the required level for the particle transport.
IV. CONCLUDING REMARKS
The observation of the edge harmonic oscillation in NSTX, and the theoretical study of its active drive using HHFW antenna as a 3D coil are presented and discussed. The possibility of implementing a drive system will be examined in NSTX-U first, and successful application may provide a pathway to AC drive of peeling-ballooning modes for edge particle and ELM control in future devices, including ITER. Also, if the externally driven 3D field can be constructively combined with the internally driven oscillations as suggested in this paper, it will be a very useful and unique tool for the ELM control in tokamaks by mitigating the demanding 3D coil requirements and the limited operating conditions, compared to only the external or only the internal 3D field utilization. 
